The ground breaking advances in taste cell receptor cell physiology over the last 20 years have established a functional basis which enables neural pathways to be mapped. There is only one, or perhaps several, types of taste receptors for salt, sour, sweet and umami (meaty) tastes and stimulation of each receptor type elicits responses in different cognitive regions. These findings support the labelled-line neural pathway model. In contrast, there are 25 types of the bitter taste receptors which all produce the same cognitive sensation, a finding which supports the across-fiber pattern model. This paper compiles the findings of several human studies investigating the impact of bitter tastants on postprandial hemodynamics, to demonstrate that diverse bitter tastants are capable of eliciting a range of characteristic reflex cephalic phase responses in the autonomic and cardiovascular systems. These findings indicate that neural pathways from the oropharyngeal bitter taste receptors to the nucleus of the solitary tract are either partially or completely labelled-line. Consequently, the hedonics of a bitter tastant are not an accurate indicator of the cephalic phase responses elicited by the tastant. The finding that secondary metabolites present in dietary condiments modulate autonomic activity and in particular postprandial hemodynamics is novel and adds a new dimension to our understanding of the ways in which humans are influenced by their diet, both in health and disease. These findings suggest that condiments play a role in food digestion, unrelated to their hedonistic qualities. Consequently, condiments may be of significance to those with digestive disorders and especially for diabetics experiencing gastroparesis and/or postprandial hypotension. Additionally, the findings suggest a noninvasive method to assess the integrity of multiple neural pathways. For investigators exploring the effect of condiments on autonomic reflexes, traditional cuisines may be a valuable source as they are full of uncharted human recordings.
For humans, it is likely that there is only one type of taste receptor cell (TRC) for the sweet (T1R2+3) and the umami tastes (T1R1+3) and one, or perhaps several, types for the salt and sour tastes, whereas for the bitter taste there are about 25 different types of TRCs (T2R) [1] . Although our knowledge of TRCs has increased rapidly since their molecular identification [2, 3] , the neural pathways from the oropharyngeal taste buds to the nucleus of the solitary tract (NTS) located in the medulla and the cortex remain poorly defined.
Neural models for signaling in the taste pathways fall into two categories: the labelled-line and the across-fiber pattern [4, 5] . In the labelled-line model each gustatory receptor neuron is highly specific, responding to a specific stimulus (or a very limited range of stimuli), and signals along its own direct pathway to the central nervous system. In contrast, for the across-fiber pattern model, the individual signaling from multiple gustatory receptor neurons is combined to provide a single neural signal for the stimulus. Thus each gustatory receptor neuron is less specific and responds to a wider range of stimuli than in the labelled-lined model and the entire population of taste-responsive neurons participates in the taste code [5] .
The current understanding of taste physiology is largely derived from experimental rodent models and there is considerable support for the labelled-line coding model as a result of research demonstrating that the individual tastes are sensed by specific oropharyngeal TRCs which excite distinct cognitive regions [6, 7] . Yet some recent findings support the across-fiber pattern in the peripheral sensory neurons and challenge the notion of strict labelled-line coding [8] .
Notably, there are a number of factors which may have influenced the conclusions drawn from the experimental results [4] .
• Animals are most often anesthetized; in this state/condition both peripheral and central neuron activity may be different to the activity in the native state. • Only a very limited section of the oropharyngeal cavity is exposed to the experimental tastant. This exposure does not mimic the neural signaling which occurs with normal consumption and favors the labelled-lined model. • Commonly, exposure is passive yet it is known that the way a tastant is consumed influences observed responses. • Commonly, the tastant is not ingested.
Additionally, stimulus intensity may be a relevant factor and threshold testing may not be a good indicator of hedonics at physiological consumption levels. Dual stimulation may also occur [9] , as in clinical trials with sugar substitutes: tastants produce a sweet taste that is replaced by bitterness at higher intensities [10] . As bitter receptors generally have a much lower threshold than sweet receptors, the above observation suggests that at higher stimulation levels sweet receptors stimulate bitter receptors by some as yet unknown process.
Based on rodent studies it is supposed that there are two sets of pathways originating from oropharyngeal TRCs [11] . Both pathways travel from the oral cavity to the NTS in the brain stem before separating. One pathway leads to the cognitive structures while the other terminates in the gustatory section of the NTS. The cognitive pathway is involved with taste perception and behavior whereas the second pathway is involved with hard-wired reflex cephalic phase physiological responses [12] . It is not unexpected that the salt, sour, sweet and umami TRCs would have separate neural pathways as they are stimulated by different types of foods and elicit distinct perceptions (labelled-line), but what about the 25 bitter TRCs? It is assumed that there is a single hedonic representation of bitterness in the cortex [2] suggesting that the An insight into bitter taste neural pathways may be obtained by reviewing a group of studies published by the author's team [13] [14] [15] . These studies examined the effect of well-known bitters, at commonly consumed dosage levels, on postprandial haemodynamics. The bitters chosen were expresso coffee (Coffea arabica L. seeds), both regular and decaffeinated, caffeine, gentian (Gentiana lutea L. root) and wormwood (Artemisia absinthium L. herb). Coffee owes its bitterness to quinides, produced during roasting, rather than caffeine [16] and is commonly consumed for its uplifting properties. Coffee is one of the world's most popular beverages and has been called the atypical bitter [17] . In contrast, gentian [18, 19] and wormwood [20, 21] are used as bitter digestives, rather than for cerebral stimulation, and are regarded as the classical standards for herbal non-aromatic and aromatic bitters, respectively [22] . Prior to the modern era of medicine, fluid preparations derived from bitter tasting plants were regularly "given to promote appetite and thus to aid digestion" [23] . Fifty years later, following the discovery of bitter TRCs throughout the gut, as well as in other organs, there is renewed interest in the therapeutic use of bitter tastants for gastrointestinal, metabolic and respiratory disorders [24, 25] .
Gentian contains secoiridoid glycosides, including amarogentin, which stimulates the T2Rs 1, 4, 39, 43, 46, 47 and 50, while wormwood contains sesquiterpenes, including absinthin, which stimulates the T2Rs 10, 14, 46 and 47. Wormwood also contains thujone, a compound found in the essential oil of wormwood, which stimulates T2Rs 9 and 14. However, it is unlikely that thujone was present at sufficient levels in our preparations to elicit responses. Caffeine is an agonist for 5 T2Rs: 7, 10, 14, 43, and 46, while it is unknown which of the T2Rs quinides stimulate [1] .
INVESTIGATIONS
In a series of randomized, double-blinded, placebo-controlled studies the effect of bitter tastants on postprandial haemodynamics was investigated. Participants were normal individuals, aged 20 to 60 years, who were chosen as regular coffee drinkers and with no aversion to bitter tastants.
Measurements of cardiovascular parameters were obtained from the continuous beat-to-beat finger pulse recordings collected by the Finometer Pro monitor in the sitting position. The Finometer Pro provides measures of heart rate, cardiac contraction force (dP/dt), stroke volume, cardiac output, arterial compliance, and peripheral vascular resistance, as well as systolic and diastolic blood pressure [26] . Heart rate is under the control of both the sympathetic (SNS) and parasympathetic (PSNS) branches of the autonomic nervous system (ANS). In contrast, dP/dt, arterial compliance and peripheral vascular resistance are purely under the control of the SNS [27] . Although stroke volume oscillates with breathing movements [28] , this factor is considered to be a constant for recordings of several minutes under stationary state conditions, as are measures of aortic impedance. Thus changes in stroke volume result from changes in dP/dt. Cardiac output is the product of heart rate and stroke volume. Blood pressure is the outcome of these autonomically controlled parameters plus the barometric system, which acts to stabilize blood pressure by regulating heart activity.
Measures from the continuous recording were obtained for the preingestion period and for three post-ingestion phases:
1. Post-swallowing phase (0 to 5 minutes).
2. Gastric phase (5 to 15 minutes).
Intestinal phase (>15 minutes).
The splanchnic circulation blood flow increases dramatically during the postprandial period [29] . To provide additional blood for the systemic blood circulation, which is necessary to compensate for the increased blood flow to the splanchnic circulation and to avoid a drop in systemic blood pressure, cardiac output increases due to increases of heart rate [30] and dP/dt [15] . An inadequate cardiac response to food and fluid ingestion results in a condition referred to as "postprandial hypotension". This condition is a major cause of morbidity in the elderly involving disorders of both digestion [31] and the systemic circulation, including tachycardia, stroke, falls and syncope [32] . Postprandial hyperemia involves substantial changes in hemodynamics so that even the ingestion of just 1 dL room temperature water produces marked increases of dP/dt, systolic and diastolic pressure, during both the gastric phase (all p < 0.01) and the intestinal phase (all p < 0.05) [15] . Startle responses, which occur with larger dosages of tastants, need to be avoided as they can pollute the measurements [33] .
Caffeine capsules
In the studies with coffee and caffeine, we initially compared the effect of 133 mg encapsulated caffeine with a placebo (control), both swallowed with 67 mL of room-temperature water [13] . It was estimated that the capsule would disintegrate after approximately 9 minutes. When pre and post-ingestion measures were compared for the two capsules for the 10-15 minute post-ingestion period, two changes were noted. The caffeine capsule increased the diastolic pressure to increase by 2.0 mmHg (p = 0.047) due to decreases in the arterial compliance of 0.07 MU (p = 0.030). This finding demonstrates that caffeine, when present in the stomach, stimulates gut receptors eliciting systemic autonomic responses. It also indicates that the in vitro estimates of capsule disintegration were valid for the in vivo studies.
Regular and decaffeinated coffee
Regular and decaffeinated coffees were used in the production of a double espresso: 67 mL made from 16.5 g of beans [13] . The caffeine content of the regular coffee was estimated at 130 mg and the decaffeinated coffee at <10 mg. Compared with the control condition (above), in the 0-5 post-ingestion period heart rate increased by 4.4 beats per minute (p < 0.001) for the regular coffee and 2.7 beats per minute (p = 0.004). The increased heart rate for both coffees can be attributed to an autonomic response to the ingestion of warm drinks [34] . For both the 10-15 and 25-30 minute post-ingestion periods regular coffee increased heart rate by 3.6 beats per minute (p = 0.003) and 4.4 beats per minute (p = 0.018) respectively. As the sympathetically controlled parameters were not affected it is likely that the increase in heart rate resulted from PSNS withdrawal. The decaffeinated coffee had no hemodynamic impact during the 10-15 and 25-30 minute post-ingestion periods.
To confirm that the active ingredient was caffeine, the study was repeated with decaffeinated coffee, "decaffeinated coffee + 133 mg caffeine" and regular coffee, prepared as above. [14] During the 10 -15 post-ingestion period there was no change in heart rate for the decaffeinated coffee, whereas heart rate did increase for both the "decaffeinated coffee + 133 mg caffeine" and the regular coffee by 3.1 beats per minute (p = 0.012) and 3.2 beats per minute (p = 0.031) respectively. The results demonstrate that the two different bitter substances, the quinides and caffeine, elicit different responses in the ANS and support the labelled-line model.
Neural transmissions from T2Rs to NTS
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Gentian and wormwood capsules.
Participants ingested 100 mL room-temperature water with capsules containing placebo, gentian (1000 mg) and wormwood (1000 mg) in a randomized, double blinded trial [35] . The capsule shell was the same as that used for the caffeine capsules. During both the 10-15 and the 25-30 minute post-ingestion periods there were no changes in the parameter values. Thus, unlike caffeine, neither gentian nor wormwood stimulated gastric receptors eliciting hemodynamic responses.
Gentian and wormwood fluids
Extracts of both gentian and wormwood were produced at two levels: 0.5 g and 1.5 g raw material per mL and presented to separate groups [15] . The double blinded presentation consisted of 1 mL of extract (40% alcohol) delivered in 100 mL room temperature water. Pre-post ingestion changes were compared with the placebo capsule from c) for the 5-10 and the 25-30 minute post-ingestion periods. Changes were noted only for the initial period. Following the intake of gentian, indexed peripheral vascular resistance increased for the 0.5 g and 1.5 g presentations by 0.04 (p = 0.074) and 0.07 (p = 0.002) MU m -2 respectively. Only the larger dose of wormwood increased indexed peripheral vascular resistance, by 0.07 (p = 0.003) MU m -2 . These findings indicate that the bitter tastants are eliciting an increase in vascular tone which is a SNS response.
Remarkably this increased vascular tone did not lead to an increased blood pressure, rather it decreased cardiac activity presumably due to the baroreflex system activity. The 0.5 g and 1.5 g gentian presentations both decreased indexed stroke volume, by 2.2 (p = 0.038) and by 2.5 (p = 0.017) mL m -2 , respectively, as well as decreasing indexed cardiac output by 0.15 (p =0.030) and 0.20 (p = 0.005) L m -2 , respectively. Similarly, the larger dose of wormwood decreased both stroke volume by 3.4 (p = 0.001) mL m -2 and cardiac output by 0.25 (p<0.001) L m -2 . This complicated relationship of cardiovascular parameters demonstrates why measures of cardiac activity do fully reflect changes in the ANS [35] .
Thus fluid preparations of gentian and wormwood elicited SNS responses which reduced cardiac workload during postprandial hyperemia. It remains to be established whether this phenomenon also occurs with the intake of meals and whether the intake of these two bitter tastants may reduce the extent of postprandial hypotension. The prospect that bitter tastants may have a therapeutic role in disorders associated with postprandial haemodynamics is supported by reports demonstrating that bitter tastants improve the condition of delayed gastric emptying (gastroparesis) [36, 37] .
Conclusion
These findings indicate that either partial or complete labelled-line bitter neural transmission exists from the oropharyngeal cavity to the NTS. The NTS contains structures involved both with autonomic responses to food/drink intake and cardiovascular control and so the findings suggest that these two structures are interconnected. From the findings it seems that some, but perhaps not all, bitter tastants are capable of eliciting characteristic hardwired chemosensory reflex responses involving both the parasympathetic and sympathetic branches of the autonomic system. These cephalic phase reflex physiological responses may impact the digestion processes and appear unrelated to hedonistic properties. Thus the hedonics of bitter tastants are not accurate indicators of how individual bitter tastants will impact the autonomic nerve system. It is unlikely that these hard-wired reflex chemosensory responses can be adequately studied using in vitro models or even non-human in vivo models. The findings also challenge the widespread belief in the scientific community that the chemical senses are of little importance to humans [38] , a perspective which can be attributed to the lack of development of suitable scientific models and tools for investigating the phenomenon of taste.
The finding, that secondary metabolites present in dietary condiments modulate autonomic nerve system activity and in particular post-prandial hemodynamics, is novel and adds a new dimension to our understanding of the ways in which humans are influenced by their diet. It is likely that the tastants eliciting diverse physiological responses at the levels of the NTS also signal to the higher cognitive structures allowing for a secondary form of taste/reflex recognition, though as yet no such neural signaling has been reported.
Signaling to the cognitive structures from the NTS would permit the development of learned behaviors based on the chemosensory elicited reflexes rather than taste. For example, the caffeine in coffee produces an increase in heart rate whereas it is the quinides which are the source of coffee's bitter taste. Learnt behaviors would likely lead to the establishment of food selection behavior based on two criteria:  energy rich food groups (carbohydrates, fats and proteins) and;  secondary metabolites which elicit reflexes which could be either positive or negative. One area where such an eating behavior may be evident is the dietary choices of diabetics experiencing reduced postprandial hyperemia and suffering from postprandial hypotension and/or gastroparesis.
In addition, the signaling of autonomic modulation from the periphery will impact on the higher emotional and cognitive structures and could to lead to the development of a learning behavior which characterizes condiments according to the type of reflex elicited by their secondary metabolites. Possible types include:
 primary effect -the response is apparent regardless of the physiological state, and  secondary effect -the response is normally buffered and is only apparent in situations of physiological insufficiently.
An example of a primary modulator is the caffeine found in diverse drinks: carbonated beverages, coffee, maté and tea. Caffeine elicits vagal withdrawal resulting in increased alertness/arousal. This stimulating/energizing effect is not based on the state of the organism and so will be widely observed. This reflex may be experienced as either positive or negative depending on the state of the organism. In contrast, the effect of the bitter substances found in gentian and wormwood, may only be apparent in situations where postprandial hyperemia is insufficient. In normal health the physiological reflex is buffeted but in conditions of acute or chronic digestive distress (physiological inadequacy) the positive impact on postprandial hemodynamics, including postprandial hyperemia will be apparent.
Individuals who have had a positive experience with bitter preparations can be expected to have a positive attitude to these preparations in the future, despite their bitter taste. In contrast, individuals who lack the positive learning experience are likely to reject the same preparations due to their bitter (unpleasant) taste.
Inadequate postprandial hyperemia is a problem that increases with age. Normally it is not present in children and only becomes common in middle to old age. Thus children are likely to ingest caffeine containing products but avoid bitterness because they have no positive experience of bitterness. On the other hand, older adults exposed to bitter preparations of gentian and wormwood during dyspepsia are likely to have a more positive view of bitterness.
